A plasma discharge model has been developed for the bulk plasma (also called the extended presheath) in sputtering magnetrons. It can be used both for high power impulse magnetron sputtering (HIPIMS) and conventional dc sputtering magnetrons. Demonstration calculations are made for the parameters of the HIPIMS sputtering magnetron at Linköping University (LiU), and also bench-marked against results in the literature on dc magnetrons.
Introduction
Magnetron sputtering is an important industrial process for many applications ranging from deposition of hard coatings to deposition of functional coatings for electronic applications.
One of the most promising such techniques is high power impulse magnetron sputtering (HIPIMS), which was introduced by Kouznetsov et al. [1] in 1999 and recently reviewed by Helmersson et al. [2] . By using high power to the magnetron, supplied in short very intense pulses, one can increase the plasma density from m -3 for conventional dc magnetron sputtering to above m -3 for HIPIMS [3] . Generating a high plasma density increases the probability for ionizing collisions, and thereby produces a large fraction of ionization of the sputtering gas as well as the sputtered material, the latter 30-90 % depending on material and discharge parameters [4] . 15 10 19 
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There are several important differences between HIPIMS and conventional dc magnetron sputtering. Most serious is a reduction in the deposition yield, down to typically 30% of that of a dc magnetron at the same average power [2] . Two possible reasons for this reduction are found in the bulk plasma. First, it might be a direct consequence of the high degree of ionization: Bradley et al [5] have found that in dc magnetrons the bulk plasma is associated with electric fields directed towards the target, and with a net potential difference substantially higher than the typical energy 5 eV of a sputtered neutral atom. If both the potential pattern and the particle energies were the same in the HIPIMS mode, this would attract back almost all of the ionized sputtered material. Furthermore, the azimuthal current above the racetrack exerts a volume force on the ions through resistive friction that might deflect the target metal M + ions away from the substrate, sideways towards the walls. This will be described below.
The present work is part of a study of HIPIMS magnetrons by a combination of experimental studies [4, 6, 7, 8] with theoretical models. In a separate paper [9] we model the ionization region above the racetrack, while the present paper deals with the bulk plasma volume which we define as the space on the substrate side of the ionization region. The results are one Ionization Region Model (IRM) in [9] and one Bulk Plasma Model (BPM)
presented here. Figure 1 shows the magnetic topology of the HIPIMS magnetron at Linköping University (LiU), and the geometrical separation into one volume for the IRM and one for the BPM model. The IRM model [9] is a time dependent global (zerodimensional) model that solves the coupled differential equations for ion, electron, and neutral species production and loss in the ionization region above the racetrack defined by [9] . Right: The magnetic field strength over the racetrack centre (From [6] ).
The prime targets for modeling here, where we focus on the bulk plasma, are the electric fields, potentials, and current densities. The findings are partly positive, partly negative for the deposition yield: the bulk plasma electric field towards the target that needs to be maintained by the external circuit in order to drive the discharge current are an order of magnitude weaker in the HIPIMS mode, and it might even reverse polarity in the vicinity of the ionization region. Both these effects would help the motion of the ions towards the substrate. However, there can be a substantial ion acceleration in the azimuthal direction which is only significant when magnetrons are run in the HIPIMS mode. The force on the ions is due to electron-ion friction and is proportional to the product of the anomalous transverse resistivity Table. 1:
experimental data from the 300 kW discharge by Böhlmark et al [6] , experimental data from the 50 kW discharge by Lundin et al [7] (shown in Figure 2 ), and calculated data from the IRM model [9] run for parameters close to [7] . For the variations of and in the z -direction we have used exponential fits to the experimental data in Figure 2 
and one for the part of the current density across that is driven by the electric field, Exp. Lundin [7] Model run 2 IRM model [9] Model run 3
Exp. Böhlmark [6] B field
As in Figure 1 As in Figure 1 As in Figure 1 [7] . The cross-B resistivity η ⊥ in Eq:s (2.1) and (2.2) determines the electron drift speed in response both to electric fields and pressure gradients, i.e., the electric conductivity and the electron diffusion coefficient, respectively, as discussed in Appendix B. The resistivity is known in both dc [5] and HIPIMS [6] ω τ lies in the range 8< ge c ω τ <30 [5, 11] , which is often referred to as the Bohm regime. In pulsed magnetrons recent measurements in different devices [6, 7, 12] agree on a value around 2 ge c ω τ = . 2) ) to the discharge current density. The field reversal happens on magnetic flux surfaces across which the pressure-driven part of the current would be larger than the discharge current itself. The explanation for the electric field reversal is therefore the same as for analogous field reversals in glow discharges, low voltage arcs, etc.
Calculations

Potentials with HIPIMS resistivity
[13]: when the electron pressure falls steeply in the direction opposite to that of the external field, the total field may be completely suppressed or even reverse in direction with respect variations of both discharge current and plasma density, the potential profile in Figure 4 remains essentially the same during the whole pulse: a field reversal in the region m, and a bulk plasma potential that nowhere departs more than a few volts from ground potential. ), taken from the ionization region model [9] . The bottom panel shows the potential above the racetrack centre for , as function of . shows measured potentials over the racetrack in a dc magnetron [5] . 
Current densities with HIPIMS resistivity
A corresponding comparison cannot be made in the HIPIMS magnetron regime because
there are yet no measurements of the potentials. For bench-marking against HIPIMS magnetron data we have therefore run the model with parameters corresponding to the 300 kW experiment by Böhlmark et al [6] , where the azimuthal current densities were measured. This is model run 3 in Table I . This discharge had roughly the same voltage and current curve forms as the 50 kW discharge of Lundin et al [7] shown in Figure 2 , but a factor 4.5 higher plasma density and discharge current. We use the HIPIMS value 2 ge c ω τ ≈ which was actually experimentally determined in this experiment [6] . The top panel in Figure 6 shows the calculated azimuthal current density at the discharge current maximum, and the bottom panel shows the experimental results from [6] The nature of the azimuthal current ϕ J has earlier been discussed in the literature. In a dc magnetron Bradley et al [5] found that it is dominated by the Hall drift ∇ and curvature drifts. In a pulsed dc magnetron [11] , is was found that during the 'on' phase ϕ J was carried mainly by Hall drifting electrons, while some other mechanism kept ϕ J remaining for some time also in the 'reverse' phase. In the high power densities of HIPIMS magnetrons, Böhlmark et al [6] and later Lundin et al [7] have argued that the diamagnetic (electron-pressure driven) electron drift can give quite significant contributions to ϕ J .
In our model calculations we find the following patterns. In the dc magnetron case, Table I ) with 2 ge c ω τ = , there is a change at the magnetic flux surface that passes through the potential minimum (see Fig 3) . Exactly at this surface 0 = E , the electron Hall drift is zero, and ϕ J is completely a diamagnetic current. For increasing distance outside this surface, the Hall drift gives an increasingly large contribution to ϕ J , and the diamagnetic part decreases accordingly. Inside the limiting surface however, the sign of the Hall drift is reversed. The diamagnetic contribution to ϕ J is actually larger than the azimuthal current, but it is in this region counteracted by a weaker Hall current with the opposite sign. (We note for clarity that this reversal of the sigh of the Hall current never gives a reversal of the total ϕ J current which always runs in the usual direction).
Summary and discussion
A plasma discharge model has been developed for the bulk plasma in sputtering magnetrons, also called the extended presheath. It can be used both for HIPIMS and dc sputtering magnetrons. New insight is obtained in the structure and time development of the currents, the electric fields, and the potential profiles. New findings are that in the HIPIMS mode, as a consequence of a high value of η ⊥ : (1) There is an electric field reversal in a region extending in our case 0.01-0.04 m above the target, implying that there must be a potential maximum somewhere between 0.01 m and the target surface. (2) The electric field in the bulk plasma is typically an order of magnitude weaker than in dc magnetrons. (3) In the region closest to the target, the azimuthal current is diamagnetic in nature rather than being a Hall current.
These results are relatively insensitive to variations in discharge current, plasma density, and electron temperature. They are important for the ion transport in the bulk plasma through two mechanisms to be discussed below: (1) quasi-dc electric fields, on the time scale of the discharge pulse, that need to be maintained by the external circuit in order to drive the discharge current, and (2) forces in the azimuthal direction, which can be obtained from the azimuthal current densities calculated in the model.
(1) Influence of quasi-dc E fields. In Figure 5 both the experimental data [5] Figure 6 ). The current densities, the electric fields, and the potentials are then all calculated using the Generalized Ohm's Law [10] . In the rest frame of the ions, which in the bulk plasma we take as a good approximation of the lab rest frame, the 
